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SUMMARY 
 
The objective of this study was two-fold: 1) determine the conditions (temperature, pH) that exist in 
early postmortem muscle of normally-chilled and delay-chilled beef carcasses to provide a model for in 
vitro work, and 2) determine the mechanism by which specific early postmortem temperature/pH 
conditions found in normally-chilled and delay-chilled muscle influence the enzymes that regulate the 
aging process in vitro.  For objective 1, seven market-ready calves (HCW 848 ± 17.5 lb) were harvested 
with the right sides subjected to normal chilling (2.3°C) and the left sides subjected to ambient 
temperature (delay chilling; 22.6°C) for an additional 4.75 h and then allowed to normally chill.  
Carcasses were monitored for longissimus dorsi muscle temperature, pH, postmortem proteolysis, and 
sarcomere length.  Steaks aged for 1, 7 and 14 d were evaluated for tenderness using Warner-Bratzler 
shear force (WBSF) and carcasses were swabbed over the rump, flank, and brisket for total aerobic plate 
counts.  Delay-chilled carcasses had a faster pH decline and a slower rate of carcass cooling (P<0.05).  No 
differences were seen in sarcomere length, total plate counts, or in postmortem proteolysis of troponin 
T (TnT)(P>0.05).  WBSF was not different at 1 and 7 d (P>0.05), but was less in steaks from normally-
chilled carcasses at 14 d (P=0.0144).  Further data analysis indicated a strong, negative correlation 
between 14 d WBSF and the change in pH from 6 to 12 hr postmortem (Figure 3, r = -0.8105, P=0.0004).  
These results were utilized to design the methodology for objective 2, where isolated myofibrils were 
subjected to µ-calpain digestion at 4 or 22°C with either a fast or slow initial pH decline.  Digests were 
evaluated for pH, µ-calpain activity, and intact TnT degradation.  Digestions with a fast initial pH decline had 
lower pH values in the early time points of the incubation (P<0.05).  No differences were detected in µ-
calpain activity or in the degradation of intact TnT (P>0.05) between the fast and slow pH decline 
treatments.  Meanwhile, a temperature x time interaction was revealed in µ-calpain activity and in the 
degradation of intact TnT (P<0.05).  Additionally, intact TnT and µ-calpain activity decreased over time 
(P<0.05) while warmer digestions resulted in a tendency for reduced µ-calpain activity (P=0.0854) and a 
significant reduction in intact TnT (P=0.0105). 
 
INTRODUCTION 
 
Postmortem proteolysis (also known as the ‘aging’ process) is generally accepted to be the factor 
resulting in the improvement in tenderness associated with meat stored at refrigerated temperatures 
over time. This improvement in tenderness is due to a loss of muscle cell structure caused by enzymes 
known as proteases, which specifically degrade structural proteins to cause an overall weakening of 
muscle structure. This weakened structure requires less force to shear and ultimately results in a more 
                                                          
1 This research was funded in part by a grant from the South Dakota Beef Industry Council.    Salaries and research 
support also provided by state and federal funds appropriated to South Dakota State University. 
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tender product for consumers. However, debate continues concerning the activity of these proteases 
under early postmortem conditions. Numerous studies (Goll et al., 1992; Koohmaraie, 1988; Koohmaraie 
et al., 1996) provide compelling evidence that postmortem tenderization of beef is primarily modulated 
by the calpain protease system, specifically µ-calpain. These highly abundant enzymes are calcium 
dependent, have access to their substrates postmortem, require no ATP for activation, and have the 
ability to reproduce postmortem changes in vitro (Huff-Lonergan et al., 1996; Koohmaraie, 1988). 
Despite this convincing evidence, calpains may lack the ability to function under postmortem conditions 
(Boehm et al., 1998). In particular, in vitro proteolytic assays show that the activity of μ–calpain 
decreases rapidly during storage. 
 
Much of the controversy surrounding the postmortem influence of µ-calpain is related to the ability of 
this enzyme to function at temperature and pH conditions found in early postmortem muscle. Prior to 
death, living muscle pH is approximately 7.4 and ultimately declines to a pH of 5.3 to 5.6 over a 24-hour 
period (Aberle et al., 2001). In addition, muscle temperature declines from body temperature to 
approximately 4°C over this same time period.  Optimal pH and temperature conditions for µ-calpain are 
similar to those found in living muscle tissue; therefore, we evaluated delayed chilling to optimize 
conditions for µ-calpain activity.  Delayed chilling is a nontraditional method where carcasses are held in 
an unchilled environment for a period of time prior to chilling (Smulders et al., 1992) increasing the 
potential to improve beef tenderness (Fields et al., 1976; Yu et al., 2008).  Therefore, the objective of 
this study was twofold: 1) Determine the conditions (temperature, pH) that exist in early postmortem 
muscle of normally-chilled and delay-chilled beef carcasses to provide a model for in vitro work, and 2) 
Determine the mechanism by which specific early postmortem temperature/pH conditions found in 
normally chilled and delay chilled muscle influence the enzymes that regulate the aging process in vitro. 
 
MATERIALS AND METHODS 
 
Experiment 1 – Sample Collection 
 
Seven market weight calves (HCW 848 ± 17.5 lb) were harvested at the South Dakota State University 
Meat Lab using standard harvesting procedures.  After final inspection (~1.25 hr post-exsanguination), 
sides were divided into different treatments: the right side of each carcass was placed into a cooler 
(normal chilling; 2.3°C) while each left side was subjected to ambient temperature (delay chilling; 
22.6°C) for an additional 4.75 hr and then allowed to normally chill.  Muscle temperature was recorded 
every minute using a Temprecord Multitrip temperature recorder (Sensitech Inc., Beverly, MA), placed 
in the center of the longissimus dorsi at the 13th rib.  From each side (starting at the 13th rib and moving 
posterior), a 30-g, cross-sectional sample of the longissimus dorsi was removed at 0.75, 1.5, 3, 6, 9, 12, 
24, 48, 72, 168, and 336 hr post-exsanguination.  This sample was divided for different measurements: 
the medial portion was used for determination of pH and the central portion was used for the 
evaluation of proteolysis.  Samples for proteolysis analysis were vacuum packaged and immediately 
frozen at -20°C, whereas pH samples were immediately evaluated.  Three locations (rump, flank, and 
brisket) were swabbed on each carcass side for analysis of microbial counts.  Additionally, at 24 hr 
postmortem, a sample from the longissimus dorsi was removed and frozen at -20°C for later analysis of 
sarcomere length. Myofibrils from each sample were purified according to a procedure by Weaver et al. 
(2008) and sarcomere length was determined using a procedure by Mohrhauser et al. (2011).   To compare 
the treatment effect on aging, three 2.54-cm steaks were removed from the 9th – 12th rib section for 
Warner-Bratzler Shear Force (WBSF) analysis and aged for 1, 7, and 14 d.  Steaks for WBSF were vacuum 
packaged and stored at 4°C until completion of the aging periods, and frozen at -20°C until further 
analysis. 
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Experiment 2 – Digestion of Myofibrils with µ-calpain 
 
Activity of µ-calpain was evaluated during the digestion of already purified myofibrils with differing rates of 
pH decline to mimic conditions found in muscle during the conversion of muscle to meat.  Due to limitations 
in creating temperature declines that mimic early postmortem conditions, digestions occurred at either 4°C 
or 22°C with either a fast or slow pH decline during the first hour of the reaction.  The desired pH at one 
hour for digestions subjected to a fast pH decline was 5.6-5.8 while the desired pH for the slow pH decline 
was 6.2-6.4.  Myofibrils were digested by µ-calpain according to a modified procedure of Huff-Lonergan et 
al. (1996).  Eight mL of glycerinated myofibrils were centrifuged at 3100 x g for 6 min at 4˚C and washed 
with 4 mL of 5 mM Tris-HCl (pH 8.0).  The samples were then centrifuged at 3100 x g for 6 min at 4˚C and 
washed with 4 mL of 50 mM MES-Tris, (pH 6.8).  Samples were again centrifuged but at 1100 x g for 6 min at 
4˚C and washed with 4 mL of 50 mM MES-Tris, (pH 6.8).  Finally, samples were centrifuged again at 1100 x g 
for 6 min at 4˚C and resuspended with 4 mL of 50 mM MES-Tris, (pH 6.8).  Protein concentration was then 
determined using the Biuret procedure and 10 mL of myofibrils were placed in SnakeSkin dialysis tubing, 
(10K MWCO, Thermo Fisher Scientific, Rockford, IL) with a protein concentration of 4 mg/mL by adding 50 
mM MES-Tris, (pH 6.8).  One-hundred µM CaCl2 and 15 mM 2-mercaptoethanol were added to each 
reaction tube.  The digestion reaction was started by adding µ-calpain to myofibrils (0.45 units/mL of 
myofibrils) [µ-calpain (48.2 U/mg protein) purified according to the procedure of Thompson and Goll 
(2000) with minor modifications as described by Maddock et al. (2005)].  Aliquots were removed at 
desired time points (0, 0.17, 0.33, 0.5, 1, 3, 24, and 72 hr) and placed into 0.5 volumes and 0.1 volumes of 
pyronin Y sample buffer [3 mM EDTA, 3% (wt/vol) SDS, 30% (vol/vol) glycerol, 0.003% pyronin Y, 30 mM 
Tris-HCl, pH 8.0] and 2-mercaptoethanol, respectively.  Samples were denatured at 100˚C for 5 min, cooled, 
and stored at -20˚C.  Samples were then analyzed for troponin T (TnT) degradation using the gel 
electrophoresis, transfer conditions, and western blotting techniques listed previously.  The digestion pH 
was adjusted by placing the dialysis tubing containing the reaction into a 50 mM MES, 100 µM CaCl2 and 15 
mM 2-mercaptoethanol buffer containing either lactic acid or Tris-base.  Calpain activity was also evaluated 
in this study using a procedure from Koohmaraie (1990). 
 
RESULTS AND DISCUSSION 
Experiment 1 
 
As expected, carcass sides subjected to delay chilling showed a slower temperature decline (Figure 1a).  
Delay-chilled carcasses had higher internal temperatures at 3, 6, 9, and 12 hr (P<0.05).  At 24 hr, 
temperatures were did not differ between the two treatments (P=0.9409).  As a result of the different 
chilling methods, differences in pH decline were also found (Figure 1b).  Delay-chilled carcasses 
demonstrated a faster pH decline resulting in lower pH values at 6, 12, and 24 hr (P<0.05). 
 
Steaks aged for 1 and 7 d showed in no differences in WBSF as a result of chilling methods (P>0.05; Table 1).  
However, when aged for 14 d, steaks from normally-chilled carcasses required less force to shear, indicating 
that they were more tender than steaks from delay-chilled carcasses (P=0.0144).  Most interestingly, a 
strong, negative correlation between 14 d WBSF and the change in pH from 6 to 12 hr postmortem (Figure 
2, r = -0.8105, P=0.0004) was observed.  This relationship indicates that a large change in pH between 6 and 
12 hr postmortem may result in a lower 14 d WBSF, or more tender meat. 
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Figure 1.  a) Postmortem longissimus dorsi temperature declines from carcasses normally and delayed-chilled.  Temperatures 
were significantly different at 3, 6, 9, and 12 hr (P<0.05).  b)  Postmortem pH decline of normally chilled and delay-chilled beef 
carcasses.  Measurements of pH were significantly different at 6, 12, and 24 hr (P<0.05). 
 
 
Table 1.  Least square means of Warner-Bratzler Shear Force and sarcomere length of 
longissimus dorsi from normal- and delay-chilled carcasses. 
Variable  Normal Delayed SEM P-value 
1-d WBSF, kga 6.92 6.34 0.45 0.1869 
7-d WBSF, kga 4.36 4.76 0.50 0.2659 
14-d WBSF, kga 3.79 4.56 0.31 0.0144 
Sarcomere length, µm 1.77 1.82 0.04 0.3336 
aWBSF = Warner-Bratzler Shear Force     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Correlation of 14-d Warner-Bratzler Shear Force (WBSF) to the change in pH occurring from 6 to 12 hr 
postmortem (r = -0.8105, P = 0.0004). 
 
Despite this, proteolysis of TnT was not different between treatments at all time points (Figure 3, P>0.05).  
Although the breakdown of TnT is generally regarded as a good indicator of protease activity and 
postmortem proteolysis, it remains uncertain whether breakdown of this regulatory protein aids in the 
improvement of tenderness.  Therefore, other myofibrillar proteins may be broken down at different rates 
due to varied postmortem conditions. 
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Figure 3.  Degradation of troponin T due to normal and delayed chilling methods.  Abundance of intact proteins is expressed 
relative to the abundance of troponin T at 0.75 hr postmortem (P>0.05). 
 
Some research has reported differences in sarcomere length due to delayed chilling; however, no 
differences in sarcomere length were discovered in this study (P=0.3336; Table 1).  Additionally, no 
differences were reported in total aerobic plate counts (P>0.05; Table 2).  However, it should be noted that 
swabs of delayed-chilled carcasses had numerically higher microbial counts at 8 d postmortem. 
 
Table 2.  Least square means of total aerobic microbial counts from swabs of rump, 
flank, and brisket locations at 1 and 8 d from normal and delay-chilled carcasses. 
 Variable Normal Delayed SEM P-value 
1-d rump, CFUa       1741         1000         439 0.0890 
8-d rump, CFUa       1109       30394     21173 0.3658 
1-d flank, CFUa       1227         1264         489 0.9585 
8-d flank, CFUa       3637     241140   149300 0.3036 
1-d brisket, CFUa       2297         2486         622 0.8120 
8-d brisket, CFUa     44536     138811     72530 0.3935 
aCFU = colony forming units     
 
Experiment 2 
 
The pH decline of the digestions performed at 4°C can be observed in Figure 4a.  As designed, digestion 
conditions resulted in differing pH at various time points.  Compared to the incubations subjected to a slow 
pH decline, digestion reactions subjected to a fast pH decline had significantly lower pH values at 0.17, 0.33, 
and 1 hr (P<0.05), while pH values were not different at 3, 24, and 72 hr (P>0.05).  Similarly, the fast and 
slow initial pH declines of the digestions performed at 22°C were different (Figure 4b).  Digestion reactions 
subjected to a fast pH decline had significantly lower pH values at 0.5 and 1 hr (P<0.05), while pH values 
tended to be lower at 0.17, 0.33, and 3 hr (P<0.10). 
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Figure 4.  a) pH of in vitro digestions of purified myofibrils subjected to different pH declines at 4oC.  Measurements of pH 
were significantly different at 0.17, 0.33, and 1 hr (P<0.05).  b) pH of in vitro digestions of purified myofibrils subjected to 
different pH declines at 22°C.  Measurements of pH were significantly different at 0.5 and 1 hr (P<0.05) and tended to be 
different at 0.17, 0.33, and 3 hr (P<0.10). 
 
For digestions performed at 4°C and 22°C, remaining µ-calpain activity as a percentage of activity at 0 hr can 
be found in Figure 5.  Results indicated a temperature x time interaction (P=0.0066).  Assayed activity of µ-
calpain was lower in myofibril digestions performed at 22°C compared to digestions performed at 4°C at 
0.17, 0.33, 1, and 3 hr (P<0.05), and tended to be lower at 0.5 hr (P=0.0939).  However, at 72 hr, µ-calpain 
activity was lower in digestions performed at 4°C compared to those at 22°C (P=0.0306).  Activity of µ-
calpain tended to be lower when incubated at 22°C (P=0.0854).  Additionally, µ-calpain activity decreased 
over time as expected (P<0.0001), while the initial rate of pH decline had no effect on µ-calpain activity 
(P=0.8632).  Overall, the influence of temperature on µ-calpain activity in this study was expected as room 
temperature (22°C) is a more optimal condition for µ-calpain activity.  At this more ideal temperature, µ-
calpain has been shown to be more active, yet assayed results indicate lower activities in this study, 
probably due to the acceleration of autolysis, resulting in more self-destruction of the enzyme. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Percentage of initial µ-calpain activity remaining at given time points during in vitro digestions of purified myofibrils 
subjected to fast or slow initial pH declines and temperatures of 4°C or 22°C.  Different rates of pH decline did not change µ-
calpain activity at these specific time points (P>0.05).  A significant temperature x time interaction was indicated to influence 
µ-calpain activity (P=0.0066).  Calpain activity was significantly influenced by temperature at 0.17, 0.33, 1, 3, and 72 hr 
(P<0.05), while a tendecy was seen at 0.5 hr (P=0.0939). 
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Just as in experiment 1, degradation of the myofibrillar protein TnT was evaluated in experiment 2 in order 
to determine if different combinations of temperature and rates of pH decline affected protein degradation.  
A chart illustrating the breakdown of intact TnT as a result of different pH declines at 4°C and 22°C can be 
seen in Figure 6.  Representative western blot images for TnT disappearance due to differing pH declines at 
4°C and 22°C are found in Figures 7 and 8, respectively.  Similar to the µ-calpain activity results, a 
temperature x time interaction was revealed in the proteolysis of TnT (P=0.0073).  Less intact TnT was found 
in myofibrils digested at 22°C compared to digestions at 4°C at 0.33, 0.5, 1, 3, 24, and 72 hr (P<0.05).  As 
expected, intact TnT decreased over time (P<0.0001).  Additionally, warmer temperatures resulted in a 
greater disappearance of intact TnT of isolated myofibrils incubated with µ-calpain (P=0.0105).  Rate of 
initial pH decline had no significant impact on the degradation of intact TnT (P=0.4461); however, Western 
blots for TnT appeared to show slightly greater amounts of TnT degradation products for myofibrils 
subjected to a fast initial pH decline, although this was not measured (Figure 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  In vitro µ-calpain degradation of troponin T subjected to slow pH or fast pH decline within the first hour of 
enzymatic digestions at 4°C or 22°C.  Abundance of intact proteins is expressed relative to the abundance of troponin T at 0 hr 
postmortem.  Different rates of pH decline did not change the amount of intact troponin T at these specific time points 
(P>0.05).  A temperature x time significant interaction was indicated to influence intact troponin T (P=0.0073).  The amount of 
intact troponin T was significantly influenced by temperature at 0.33, 0.5, 1, 3, 24, and 72 hr (P<0.05). 
 
 
Figure 7.  Representative western blot image for in vitro µ-calpain degradation of troponin T subjected to an initial fast pH or 
slow pH decline at 4°C. 
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Figure 8.  Western blot image for in vitro µ-calpain degradation of troponin T subjected to an initial fast pH or slow pH decline 
at 22°C. 
IMPLICATIONS 
 
This study allowed for the evaluation of the relationship of temperature and pH with meat tenderness 
and provided a further understanding of the aging process of beef.  Additionally, an in vitro procedure 
was developed to more closely mimic postmortem conditions in beef carcasses.  This study indicates 
that the delayed chilling of beef carcasses did not improve meat tenderness, with no improvements in 
postmortem protein degradation.  At the same time, it appears that carcasses subjected to delay chilling 
may have the potential to allow for more aerobic bacteria growth during postmortem storage, which 
could ultimately be detrimental to maintaining and improving food safety.  Unfortunately, more 
questions remain concerning the relationship of early postmortem conditions and meat tenderness, 
especially regarding the enzyme responsible for meat aging, µ-calpain. 
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